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Abstract: A significant limitation of current asset management systems is lack of consideration of geotechnical issues. This
presents a simple framework for managing geotechnical facilities using asset management principles. The framework is based on
a previously developed generic framework proposed by the Federal Highway Administration with consideration given to several
aspects of geotechnical structures, the roles these assets play in the transportation infrastructure, and the interaction among ‘‘ge
assets’’ and other types of assets such as pavements and bridges. The paper discusses several unique issues that arise when a
management principles to geotechnical facilities and presents recommendations for future work to facilitate and improve implem
of such a system. Examples for specific application to maintenance of highway embankments and slopes are provided throug
paper to illustrate implementation.
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Introduction

For most people, the term ‘‘transportation assets’’ brings to m
physical facilities such as pavements, bridges, and perhaps
way track. However, all of these transportation assets rest~liter-
ally! on geotechnical assets, and the performance and cos
more traditional assets are tied, directly or indirectly, to the p
formance of geotechnical assets. While asset management
become a buzzword for transportation agencies, most of
schemes presented have not included geotechnical assets e
itly.

This paper discusses the ‘‘What?’’ and ‘‘Why?’’ of managin
geotechnical assets and describes development of a frame
that addresses ‘‘How?’’ geotechnical assets should be manage
also reviews previous work performed to facilitate effective de
sion making for geotechnical problems. The paper presen
framework for asset management, followed by a mapping of t
generic framework to geotechnical asset management. A num
of issues that arise when applying the generic framework to g
technical assets are then discussed, and a simple approac
implementing the geotechnical framework is introduced for t
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case of highway embankments and slopes. Finally, we des
several critical issues that must be addressed before the f
work can be fully implemented and provide suggestions for fu
work.

What are Geotechnical Assets and Why Should
They be Managed?

Two questions that arise when considering development
framework for managing geotechnical assets are ‘‘What are
technical assets?’’ and ‘‘Why should they be managed?’’ The
swer to the first question is not simple, due to the intimate rel
between geotechnical assets and other types of assets. The
aries between geotechnical assets and other types of asset
are blurred. Table 1 shows a collection of assets that we
classified as geotechnical assets. The assets are categor
terms of function as ‘‘exclusively geotechnical,’’ ‘‘partially ge
technical,’’ and ‘‘minimally geotechnical’’ to indicate the deg
of interaction with other assets. The table also includes the
eral purpose of each asset and fundamental performance
tives.

Perhaps the type of asset that is most clearly geotechni
highway embankments and slopes. While one could poten
include these within ‘‘real estate’’ or ‘‘right-of-way,’’ few woul
argue that embankments and slopes are not geotechnical
tures. Furthermore, the value of these structures to the tran
tation system is more than the value of the land alone, since
are essentially ‘‘earthen bridges’’ intended to maintain approp
roadway alignment. Embankments and slopes are design
most exclusively by geotechnical or geological engineering
fessionals, and the ‘‘performance’’ of these structures is gene
defined exclusively by the response of the geologic materia
environmental and loading conditions. Highway embankm
and slopes interact with other assets in an indirect manner
sense that most do not directly apply load to, or support, o
assets.
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Table 1. Summary of Highway Components That May Be Considered Geotechnical Assets

Asset function
category

Interaction with
other assets Asset Purpose Performance objectives

Exclusively
geotechnical

Indirect Embankments and
slopes

To provide for gradual
grade changes in
vertical alignment

Provide satisfactory support for roadway without
intruding on pavement or other transportation
structures

Partially
geotechnical

Direct Tunnels and earth
retaining structures

To retain earthen
materials so that
highway can be constructed
in restricted right-of-way

Satisfactorily retain earthen materials to prevent
intrusion or damage to highway structures

Culverts and
drainage channels

To provide control of
surface waters

Prevent accumulation of water on pavement and
prevent damage to highway structures from eros

Foundations To transmit structural loads
to supporting ground

Satisfactorily support structure without excessive
deformations

Minimally
geotechnical

Direct Pavement
subgrade

To serve as foundation
for pavement

Satisfactorily support pavement without damagin
or reducing the life of the pavement
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In contrast, the assets listed as partially geotechnical are
much more directly to other assets in both a physical and con
tual sense. Tunnels, earth retaining structures, and founda
may be considered by some to be ‘‘structural assets’’ rather
geotechnical assets, because their performance is likely t
judged from a structural perspective. Design of these struct
involves significant structural engineering in addition to geote
nical engineering. Similarly, culverts and drainage channels c
be considered ‘‘hydraulic assets,’’ because their performanc
likely to be judged from the hydraulic perspective, and their
sign is likely to be performed by hydraulic and structural en
neers in addition to geotechnical engineers. However, the pe
mance of these assets is closely linked to the surroun
geologic materials. As such, they reasonably may be consid
geotechnical assets.

The third class of assets listed is considered minimally g
technical. Perhaps the best example of this category of ass
pavement subgrades. While the underlying geologic mate
dramatically impact the performance of a pavement system
sponsibility for dealing with subgrade quality lies primarily wi
pavement design professionals. Little input from geotechnica
geological engineering professionals is required beyond site c
acterization and determination of engineering properties. As a
sult, pavement subgrades are more likely to be considered w
the scope of pavement assets than as geotechnical assets, al
the link between the two is apparent.

Regardless of how one chooses to categorize the assets
sented in Table 1, clearly, the performance of the assets sho
intimately tied to, and in some cases dominated by, the resp
of geologic materials to the environmental conditions and lo
imposed. It is very likely that what are and are not conside
geotechnical assets may vary among organizations accordin
the organizational structure and history of the organization. N
ertheless, it is useful to try to classify the assets in some form
for the purpose of ‘‘claiming ownership,’’ but rather to highlig
the interactions among these assets. The intent of this paper
raise and address issues associated with management of ge
nical assets in general, regardless of how they are defined.
framework presented in this paper can be used regardless of
one chooses to classify the assets.

The second question, ‘‘Why should geotechnical assets
managed?’’ is addressed more easily. The primary reason
managing geotechnical assets is to reduce the life-cycle cost
sociated with constructing and maintaining these assets a
108 / JOURNAL OF INFRASTRUCTURE SYSTEMS © ASCE / SEPTEMBE
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system-wide level. For example, in the case of highway embank
ments and slopes, departments of transportation~DOTs! across
the country are faced annually with the task of repairing numer-
ous surficial slope failures, commonly referred to as nuisance
slides, in addition to more substantial landslides. While often
small in size and benign in appearance, these nuisance slides d
present significant hazards including damage to or loss of pave
ment sections, loss or reduced effectiveness of guardrails an
other safety measures, blocking of drainage channels, and poten
tial damage to bridges and other structures due to loss of groun
support or additional loads imposed by sliding soil and rock. Con-
sequently, small slides require routine maintenance that presents
significant staff and economic burden to infrastructure agencies
While the costs associated with repairing a single slide are often
relatively low, total costs associated with repair of large numbers
of slides may be extremely high. The Transportation Research
Board~TRB! estimated that cumulative annual costs for repair of
nuisance slides may exceed cumulative costs for repair of majo
landslides~Turner and Schuster 1996!, which suggests that a con-
servative estimate of annual repair costs for nuisance slides woul
exceed $100 million.

The nuisance slide problem shares many characteristics with
other asset management problems. Because the problem is wid
spread, decision makers are often faced with the daunting task o
selecting which slides should be repaired within limited construc-
tion and maintenance budgets. The problem is complicated by th
fact that a wide variety of techniques are available for stabiliza-
tion and repair of slope failures. The techniques range from sim-
ply replacing the failed material back on the slope and regrading
to installation of extensive drainage measures or a complete eart
retaining structure. However, the costs and the long-term effec
tiveness of alternative repair measures vary dramatically, both
overall and on a case-by-case basis.

While much work has been performed to develop guidelines
on how to prevent, identify, and repair slides~e.g., Klinedinst
et al. 1986; Hopkins et al. 1988!, only limited procedural assis-
tance is available to help decision makers determine whether
when, or how a slope failure should be repaired so that limited
funds are applied where the most benefit will be gained~on a
life-cycle basis!. One impediment to development of such assis-
tance is that the economics of constructing and maintaining trans
portation slopes and embankments are not well understood. Fo
example, it is reasonable to conjecture that many slopes are sim
ply too steep and that constructing flatter slopes would reduce
R 2003
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long-term maintenance costs. However, the prevailing percep
is that the life-cycle costs for routinely maintaining and repairi
nuisance slides are smaller than the costs associated with ac
ing the additional right-of-way and materials for flatter slope
Alternatively, repetitive application of an inexpensive but temp
rarily effective stabilization measure, such as regrading, may
most economical, despite the recurring nature of the activity. C
rent record keeping of maintenance costs is generally poor~Kline-
dinst et al. 1986; Hopkins et al. 1988; Turner and Schuster 19!,
however, so evaluation of the accuracy of this perception is
ficult. An asset management approach that includes consider
of these issues clearly has the potential to improve decision m
ing and reduce overall costs.

A second and perhaps equally important reason for mana
geotechnical assets is to facilitate recognition of geotechnica
frastructure as having value to the transportation system. H
way embankments, retaining structures, and other geotech
structures can be considered ancillary to the actual pavem
because alone they do not directly provide the primary serv
required of the transportation system. However, few would ar
that the transportation system would be possible without them
their inherent value is understood, if often overlooked. Wh
valuation of geotechnical assets is not a simple issue, failur
recognize and quantify the value of geotechnical infrastruct
can lead to increased life-cycle costs for all forms of transpo
tion infrastructure. Reducing these life-cycle costs is one of
goals of asset management.

Geotechnical Decision Support Systems

Work performed to develop specific systems and methods
facilitate effective decision making for geotechnical problems
been sparse, although some efforts have recently been ma
improve the situation. This section briefly reviews these effo
and subsequent portions of this paper discuss the relationship
tween these systems and asset management systems.

Adams et al.~1988! describe early work in which an expe
system is used to provide decision support for retaining wall
habilitation. Perhaps the most comprehensive set of manage
systems developed to date are the Repair, Evaluation, Ma
nance, and Rehabilitation~REMR! systems developed by the U.S
Army Corps of Engineers~USACE!. McKay et al. ~1999! de-
scribe the development of a uniform condition index~CI! for
assessing performance of a variety of types of infrastructure,
tably including examples of steel sheet pile structures. These
tems were, in large part, developed for structures and applicat
with acute consequences and often an altogether different lev
hazard/risk ~e.g., dams! as compared to more commo
transportation-related geotechnical structures. Nevertheless,
systems provide concepts and models that can be adapted to
cific characteristics of transportation infrastructure.

In the more specific area of geotechnical transportation in
structure, the methods receiving the most attention to date h
been those intended to improve decision making for maintena
and rehabilitation of highway embankments and slopes. Perh
the best developed and most widely utilized system for suppor
transportation-related geotechnical decision making is the Ro
fall Hazard Rating System~RHRS!, which was developed by the
Oregon Department of Transportation in collaboration with ot
state and federal transportation agencies~Pierson and Vickle
1993!. The intent of the RHRS, and subsequent revisions, is
reduce systematically the risk of rockfalls and landslides impa
JOURNAL
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ing the roadway on a system-wide level by prioritizing sites
cording to the level of hazard. RHRS uses a six-step process
includes

1. An inventory of all hazardous rockfall sites in the system
2. Preliminary rating of all sites according to hazard potent
3. Detailed rating of the highest priority sites identified in S

2,
4. Preliminary design and cost estimates of remedial meas

for the highest priority sites,
5. Project identification and development based on the re

of the detailed ratings and estimated costs, and
6. Annual review and updating of the condition of the inve

tory.
RHRS uses a database to manage all rockfall locations, det
ratings, and preliminary designs and cost estimates. More
cently, the RHRS was incorporated into a more comprehens
but similar, management program that considers both soil
rock sites~ODOT 2001!. This revised system incorporates ec
nomic considerations by applying multiplicative ‘‘factors’’ to a
count for relative repair and user costs among different site
determine an overall rating.

Several other similar systems have been developed, alth
to a lesser degree. Ho and Norton~1991! describe the develop
ment of an ‘‘unstable slope management system’’ for the Wa
ington State Department of Transportation that can be use
prioritize unstable slope sites. The Eastern Federal Lands H
way Division ~EFLHD! of the FHWA developed a landslide ra
ing system to evaluate and rate landslides from a technical st
point for the Blue Ridge Parkway. More recently, the Kentuc
Transportation Center is developing a state-of-the-art geogra
information system~GIS! based database for the Kentucky Tran
portation Cabinet that includes the RHRS in addition to a la
slide data and management system and other data manag
and design tools~Hopkins et al. 2001!. Similar activities are
being undertaken by the departments of transportation in N
Hampshire~Fish and Lane 2002!, New York ~Hadjin 2002!, and
North Carolina~Kuhne 2002!.

The primary goal of each of the systems described is to
duce a prioritized ranking of soil or rock slopes based on
general hazards associated with a particular site. In the sens
the systems are intended to prioritize rehabilitation activities, t
share similar goals with asset management systems. Howeve
systems differ from asset management systems in severa
spects. The most significant difference is that the existing sys
are primarily ‘‘once and for all’’ systems, in that the highest p
ority sites are expected to be completely repaired~effectively
eliminating the hazard!, with little explicit consideration given to
life-cycle costs and the possibility that repetitive application
temporary stabilization measures may be more cost effective
an organizational perspective. While economic considerations
implicitly included in each of the systems, the level of haz
serves as the primary basis of the rankings. As such, the sys
are essentially ‘‘worst-first’’ systems; sites in the worst condit
are expected to be rehabilitated first. While this approach is c
mon and may be justified, given that safety is of paramount
portance, it is not necessarily the most effective approach from
asset management perspective. In this sense, these existin
tems are really hazard assessment and management system
focus on preventing catastrophic failures within limited fundi
constraints, whereas an asset management system focus
cost-effective management of all features, whether or not fai
would be catastrophic.

As an example, consider a high priority rock cut with sign
OF INFRASTRUCTURE SYSTEMS © ASCE / SEPTEMBER 2003 / 109
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cant potential for producing rockfalls. One approach to reme
the situation might be to install a barrier to prevent the rockfal
from reaching the roadway. An alternative may be to perfor
scaling on the slope to remove loose materials that have a h
probability of falling. The barrier approach is likely to have a
higher cost than the scaling alternative, particularly since main
nance crews will have to routinely clear the catchment area
maintain the effectiveness of the repair. However, the scaling a
proach may be effective only temporarily, because weatheri
may lead to additional material becoming loose and produci
fall hazards. The barrier alternative is likely to have higher initia
costs and relatively well-defined but long-term maintenance cos
Conversely, the scaling alternative is likely to have lower initia
costs, but the effective life of the repair is uncertain, and it
likely that reapplication of the repair will be needed at some tim
in the future. Similar dilemmas exist for other geotechnical pro
lems. None of the current ‘‘hazard assessment’’ systems is w
suited to dealing with such dilemmas. An asset management
proach can facilitate better decision making when confronted w
such situations. Current systems do address some of the key a
management issues such as data collection, inventory, and co
tion assessment, however, so they can serve as building blocks
further development of asset management based approaches

Asset Management

Asset management has been defined in a number of ways; h
ever, the Federal Highway Administration’s~FHWA’s! Office of
Asset Management put forth the following definition in itsAsset
Management Primer~FHWA 1999!:

Asset management is a systematic process of maintaining,
upgrading, and operating physical assets cost-effectively. It
combines engineering principles with sound business prac-
tices and economic theory, and it provides tools to facilitate
a more organized, logical approach to decision-making.
Thus, asset management provides a framework for handling
both short- and long-range planning~FHWA 1997!.
The foundation for asset management lies with the goals a

objectives of the agency. Asset management then become
means for helping an agency to achieve its goals. For example
agency goal may be ‘‘to provide the public with smooth pave
ment.’’ A corresponding objective may be that no more than 25
of pavements should be rated less than 4 on a five-point sca
The data and analysis tools of an asset management system
guide the agency in determining the investments that should
made in the system to achieve the objective. In a nutshell, ‘‘T
fundamental objective is to maximize benefits for users whi
minimizing agency costs’’~FHWA 1999!. The FHWA and the
American Association of State Highway and Transportation Of
cials ~AASHTO! are focusing on asset management as a tool f
strategic level administration.

A number of schematics for the structure of an asset mana
ment system have been proposed. Perhaps the best known is
‘‘generic’’ framework that appears in thePrimer ~Fig. 1!. The
components of the framework, which are discussed in grea
detail subsequently, include the goals discussed previously, d
and analysis modules, reporting modules, and feedback mec
nisms. One element that is not explicitly included in the FHW
framework but is receiving significant attention is valuation o
assets~Cowe Falls et al. 2001!. Current interest in asset valuation
stems both from a feeling by some that an agency should inves
its assets in proportion to their value, and from a recent change
generally accepted accounting standards for government agenc
110 / JOURNAL OF INFRASTRUCTURE SYSTEMS © ASCE / SEPTEMBE
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Although the concept of formalized asset management is r
tively new to the public sector, infrastructure management s
tems, designed for specific asset classes, have existed for se
decades. Researchers began with the development of pave
management systems~PMS! in the 1960s and 1970s. In th
1980s, these concepts were applied to develop bridge man
ment systems~BMS!. With the success of PMS and BMS, as we
as maintenance management systems~MMS!, agencies are begin
ning to explore opportunities for linking the existing systems a
for developing systems for other types of infrastructure. For
ample, the U.S. Army Corps of Engineers’ suite of infrastructu
management systems includes buildings~BUILDER!, rail
~RAILER!, and pavements~PAVER!, as well as locks, dams, an
other facilities. The geotechnical decision support systems
cussed in previous sections of this paper apply some of the s
concepts, although they have not been called ‘‘infrastructure m
agement systems.’’ Recently, the U.S. Department of Transpo
tion announced an initiative to develop a tunnel management
tem for use by state and local agencies in maintaining th
highway and transit tunnels~FHWA 2001!.

Although most states have some form of PMS or BMS~GAO/
RCED 1997; McNeil et al. 2000!, the systems are not necessari
used to their full capabilities. According to theAsset Managemen
Primer, ‘‘Most states limit application of their management sy
tems to monitoring conditions and then plan and program th
projects on a ‘worst-first’ basis’’~FHWA 1999!. In addition, most
infrastructure management systems have been developed in
lation from one another; they typically do not share a comm
database or communicate with one another. The isolation of th
‘‘stovepipe’’ systems as well as the typical institutional structu
R 2003



Fig. 2. Asset management system components
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in which divisions are organized around a particular asset cla
make trade-offs across asset classes virtually impossible in m
existing systems~FHWA 1999!.

Individual infrastructure management systems also tend to
geared toward the tactical rather than the strategic level; that
the systems provide users with specific, implementable plan
These plans may be for the network level~a group of facilities
such as all the pavements in a county!, the project level~a par-
ticular facility, such as a bridge!, or both. For example, a well-
designed infrastructure management system should be able
calculate the expected impacts of performing a repair or rehab
tation activity now or later. Deferring activity may be a viable
option, but the agency should be provided with an estimate of t
cost of the decision. In terms of selecting remedial activities,
good system should be able to estimate the life-cycle costs as
ciated with different activity levels. ‘‘Fully repairing’’ a site using
the highest cost, highest reliability method may not always be t
best option over the asset life. Rather, it may be more econom
cally viable to apply a ‘‘quick fix’’ repeatedly, depending on the
relative cost and reliability. An infrastructure management syste
should provide the capability to analyze these trade-offs.

An infrastructure management system is, among other thing
a decision support system. System inventory and performan
data are collected and analyzed, along with budget and cost
formation, to determine the best course of action to attain perfo
mance goals. The data collection and decision support modu
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are critical. As such, these systems can form the building block
for practicing asset management.

Managing Geotechnical Assets

Although they have not been included explicitly in discussions of
transportation asset management, geotechnical assets are criti
to our transportation system functioning effectively. The follow-
ing sections review the components of an asset management sy
tem, propose a framework for including geotechnical assets in
asset management, and identify some of the issues that need to
addressed if geotechnical assets are to be managed systematica
in conjunction with other transportation assets.

Components of Asset Management Systems

As discussed, Fig. 1 shows the generic framework for asset man
agement proposed by the FHWA’s Office of Asset Managemen
~FHWA 1999!. Fig. 2 shows a simplified framework with the
basic components subdivided into particular activities or types o
data. Fig. 1 presents a clearly divided, sequential flow-chart
while Fig. 2 shows a more conceptual grouping of functions. The
boxes in Fig. 1 correspond loosely to the ovals in Fig. 2.

Data are central to a comprehensive asset management syste
just as they are central to a management system for any particul
F INFRASTRUCTURE SYSTEMS © ASCE / SEPTEMBER 2003 / 111
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type of infrastructure. Data include both ‘‘static’’ data—data th
seldom if ever change, such as a location or date built—and ‘‘
namic’’ data—data that change frequently or continually, such
measurements reflecting current condition. In addition, a var
of cost data is important. An agency should assign value to
assets, and past, present, and projected maintenance and reh
tation costs should be tracked. Budget data and allocation c
straints should also be tracked. All data should be stored in on
more databases that, ideally, are accessible and provide u
information to personnel throughout the agency.

Analysis tools apply algorithms to data extracted from the d
tabase to produce information that supports decision mak
These tools include engineering economic analysis, risk analy
condition forecasting, and other tools that use the agency goa
a guideline for determining appropriate use of resources. T
tools answer questions about the future condition of assets u
different funding allocation schemes within given budget co
straints, appropriate actions to apply to particular assets, and
tential costs and probabilities of unforeseen events.

The program selection and implementation function packa
the information produced by the analysis tools so it will be use
to agency decision makers. This means that reports should con
different information in different formats for different classes
users. This information forms the basis of programming decisi
and subsequent implementation. Finally, top management can
the information from the reports to determine whether the d
collection practices and analysis tools are sufficient.

Framework for Geotechnical Asset Management

Current asset management systems~e.g., PMS, BMS, etc.! are
essentially single entity management systems in the sense th
limited and specific type of asset is managed independently
other assets. Although some types of geotechnical assets~such as
subgrades or foundations! may be addressed in PMS or BMS
others, such as slopes, are not~see Table 1 for classifications!.
Geotechnical assets are somewhat unique in the supportive
they play for other assets. As a result, effective geotechnical a
management~however geotechnical assets are defined! requires
that ‘‘cross-asset’’ issues be addressed.

If Fig. 2 is examined in the context of geotechnical asse
more specific labels can be assigned to each of the compon
Table 2 provides one possible mapping of geotechnical-spe
assets to the general functions shown in Fig. 2. The table is
meant to be an exhaustive list of all aspects of the system,
rather an example of geotechnical specific components. Deve
ment of this mapping raised a number of issues within each
egory that must be addressed if geotechnical assets are t
integrated into an asset management system. The following
tions describe these issues, as well as the mapping itself.

Agency Goals
It is unlikely that transportation agencies will set direct perfo
mance goals for geotechnical assets. Rather, the perform
goals for geotechnical assets will arise out of performance go
for other ‘‘primary’’ assets. For example, a geotechnical-rela
goal might be to minimize funds spent on maintenance wh
minimizing failures that affect pavement structure. Since t
geotechnical-related goals depend on the performance of o
assets, geotechnical asset management must interact or be
grated with other ‘‘primary’’ asset management functions,
shown in Fig. 3.
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Table 2. Mapping of Geotechnical Assets to Asset Managemen
System Components

Asset management
system component Geotechnical-specific description

Agency goals Agency unlikely to have specific goals for
geotechnical assets

Data collection
Inventory Location, extent, height of embankment, soil

properties, etc.
Performance Existing erosion, stability, etc.
Cost Maintenance budgets, cost of maintenance

actions, etc.
Value Several options available; replacement cost

may be most appropriate
Actions No action, monitor, temporary repair,

permanent repair, etc.
Other Impacts of failure~safety and mobility!, etc.

Analysis tools
Economic analysis Calculate life-cycle costs to compare impacts

of various maintenance and repair
options, etc.

Risk analysis Evaluate risk of repair alternatives as well as
risk of no repair, etc.

Condition forecasting Predict future condition of slope,
embankment, etc., based on current and
historical information, etc.

Other Calculate level of hazard and factors of
safety, etc.

Program selection
and implementation
Report generation Tables, graphs, charts, etc.
Decision making Compare costs, benefits, and risks of

alternatives under different budget scenarios
and choose course of action

Implementation Allocate resources and conduct projects
Other Suggest modifications to budget to achieve

performance objectives
Evaluation Evaluate whether data and analysis tools

are providing useful information and
whether goals are being met
nts.
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Data Collection
Table 2 outlines several types of data that agencies will need
order to manage geotechnical assets effectively. Although som
agencies collect some of the required data, many aspects of da
collection will need to be improved if geotechnical asset manage
ment is to be implemented. First, few agencies currently maintai
inventories of geotechnical problem sites~Hopkins et al. 1988;
Turner and Schuster 1996!, and we are not aware of any agencies
that maintain complete inventories of geotechnical assets. Man
agencies do not track maintenance division costs at the level
detail required to ascertain costs for geotechnical repairs. Furthe
more, agencies seldom quantitatively assess the performance
repair measures with time once they are implemented, so it
difficult to utilize current assessments in an asset manageme
approach. While these are important issues, agencies can build
the steps that have been taken in these areas with the RHRS a
similar approaches described previously. Other issues related
data collection are more challenging.

Performance. Most agencies do not formally and quantitatively
assess the condition of geotechnical assets on a routine bas
ER 2003



Fig. 3. Interaction of types of infrastructure in asset management
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However, as demonstrated by PMS and BMS, effective mana
ment depends on knowledge and quantifiable measures of cur
condition, as well as other measures of current performance. P
formance indicators, which may reflect physical condition, us
cost, or other measures, are an essential component of any in
structure or asset management system. It is important that
performance indicators be tied to the agency goals. More app
priate and comprehensive performance indicators must be de
oped for geotechnical assets.

Value. Although a variety of methods can be used to value phy
cal assets, agencies have not applied these methods to geote
cal assets. One common method for valuing physical assets i
use replacement cost; that is, if the agency were to construct
facility today, how much would it cost? This method could b
applied to geotechnical assets; it would likely include the value
the land itself plus the estimated material and construction co
in current dollars. However, given that the value of geotechnic
assets to the transportation system is in how well they ena
other facilities to function, this may not be the most appropria
valuation method. Unfortunately, valuation methods that consid
the interaction among different forms of assets are not read
available.

Other. Another issue that must be addressed in data collection
identification of potential impacts of poor asset performanc
Geotechnical failures can impact both the safety and mobility
the public. For example, a serious slope failure on a heavily tra
eled road would have significant impacts on the traveling publ
whereas a minor failure would have a lesser impact. Consist
and quantifiable measures of potential consequences are ne
in such cases to enable appropriate decision making. Severa
the existing systems described previously include such measu
but additional work is needed in this area.

Analysis Tools
Table 2 identifies four major categories of analysis tools for ge
technical asset management: economic, risk, condition forec
ing, and other. Engineering economic and risk analysis metho
JOURNAL
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are used to support a variety of engineering decisions, and it
likely that these methods will serve as an integral tool for geo
technical asset management systems. Engineering econo
analysis tools generally are well developed and widely accepte
Risk-based analysis methods, however, have been used only s
radically in geotechnical applications for a number of reason
including lack of familiarity for geotechnical engineering profes
sionals as well as difficulty in dealing with temporal and spatia
variability of soil conditions~Duncan 2000!. Nonetheless, in re-
cent years, organizations such as the U.S. Army Corps of En
neers~USACE! have turned increasingly to risk-based decisio
making and reliability based design tools for facilitating manage
ment decisions~USACE 1999!. This trend is expected to con-
tinue, as methods become better established and the geotechn
engineering profession becomes more comfortable with the sh
in approach.

Reliability based analyses are the most logical choice for for
casting the future condition of geotechnical assets because th
enable the life-cycle costs of very different types of conditions t
be compared rationally. Conditions involving relatively low cost
but with high probabilities of occurrence can be compared
conditions with relatively high cost but low probabilities of oc-
currence by weighting costs according to probability of occu
rence. However, one issue that must be considered in reliabili
based analyses is how to account for varying time horizons.
typical question that must be answered in an asset managem
framework is what are the costs and consequences of repairing
asset now versus repairing the asset in a year~or five years, ten
years, the life of the structure, etc.!. Current reliability based
analysis tools and procedures for geotechnical assets are not g
erally well suited to such questions, although some progress h
been made in recent work~Wolff 1996!. Continued advancement
in this area is required if effective and accurate analysis tools a
to be available for implementation in an asset management fram
work.

Condition Forecasting. Condition forecasting, which is often
based on deterioration models, has also seen little application
OF INFRASTRUCTURE SYSTEMS © ASCE / SEPTEMBER 2003 / 113
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Fig. 4. Representative deterioration curves:~a! traditional pavement
deterioration;~b! deterioration of embankment over soft foundatio
soils
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Fig. 5. Slope stabilization decision tree
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geotechnical assets. The most notable work in this area to dat
that by Wolff ~1996!. In the context of pavements, the goal o
preservation is to ‘‘reduce the rate of deterioration’’~FHWA
1999!. One component of a pavement management system is
analysis of predicted future condition under different maintenan
and rehabilitation scenarios. Pavements are generally assume
deteriorate slowly at first, and then the rate of deterioration acc
erates as the pavement ages, as shown in Fig. 4~a!. As the condi-
tion worsens, the cost to return the pavement to ‘‘new’’ conditio
~or another target condition! increases, as does the uncertainty
predicting the actual condition. An appropriate maintenance str
egy, then, is to try to maintain the pavement so that it never dro
into the bottom portion of the curve.

The deterioration model shown in Fig. 4~a! may not capture all
aspects of performance decline for geotechnical assets. Since
performance of geotechnical assets is often dominated by rand
events, such as extreme rainfall, abrupt changes in condition m
occur at any point in the life cycle. Furthermore, the condition
some geotechnical assets may actually improve over time.
example of this phenomenon is embankments on soft foundat
soils, which generally become more stable over time until t
foundation soils are fully consolidated@Fig. 4~b!#. At this point,
the embankment stability takes over as the governing factor
performance. On the other hand, the classical deterioration m
els @Fig. 4~a!# may forecast progression of problems like erosio
or geosynthetic clogging reasonably well.

Other. Another issue that must be considered in the analysis
alternatives is the maintainability of various types of geotechnic
assets. Some geotechnical assets, such as foundations, are e
tially ‘‘unmaintainable.’’ That is, there are no available method
for performing midlevel rehabilitation; any significant action re
quires reconstruction or additional construction. With other ge
technical assets, such as embankments, this is not a problem

Finally, analysis tools could improve decisions regarding f
ture construction. Many decisions made during design and c
struction will significantly impact the life-cycle costs, and henc
the ‘‘value,’’ of the asset. Using a highway embankment as
example, the slope angle, height, and materials selected du
design and the construction quality in the field affect the initi
construction costs. These parameters also affect the requ
maintenance over the life of the embankment. A conservative
designed slope will tend to require more right-of-way, more
better material, and perhaps modification or improvement of e
isting ground, all of which will increase construction costs. How
ever, a conservatively designed slope is expected to require
lifetime maintenance than a less conservative design.
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Program Selection and Implementation
It should be possible to apply program selection and impleme
tation algorithms currently used in existing systems to geotech
cal assets without significant modifications. One additional co
sideration related to geotechnical assets exists because the
unlikely to be a separate budget for maintaining geotechnical
sets. Consequently, decisions must be made considering the c
and benefits of potential repairs to other types of assets.

Implementation of Geotechnical Asset Management

While many issues remain to be addressed, the basic tools
geotechnical asset management are available. The next sec
presents one possible method of implementation for geotechn
asset management that includes the interaction with other age
assets~an example of how asset interaction can be incorporate!.
The second section outlines several steps an agency can tak
incorporate geotechnical infrastructure into its asset managem
program.

Implementation Framework for Slope Stabilization
Decision

One approach to implementing the analysis portion of the fram
work is to use decision analysis to evaluate the alternative cour
of action for managing slope repair decisions. A decision tree
one tool for this type of analysis~Clemen 1996!. A decision tree
structures the components of a decision and allows a quantita
evaluation of the best outcome based on the uncertainties
consequences associated with each choice.

Fig. 5 shows a simple decision tree for evaluating what actio
to take in response to a failure of an earth embankment or slo
The principal decision is whether to stabilize the slope. If th
decision is made to stabilize the slope, one of several alternat
stabilization measures could be selected. These alternative m
sures may stabilize the slope with varying degrees of success
for different lengths of time, and their costs will differ. Each
alternative will also have varying probabilities of success or fa
ure depending on the particular case in question.

To evaluate the decision tree, it is necessary to know the pro
abilities and consequences associated with each of the branc
The probabilities of each branch can be determined in a num
of ways. Perhaps the simplest way would be to use historical d
to establish the frequency of success/failure of alternative rep
measures. However, given that record-keeping practices for th
R 2003
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activities typically are poor, this alternative currently is not fe
sible ~although it may become so in the future!. Expert solicita-
tion ~i.e., judgment! could also be used, although there is cle
potential for bias and questionable experts. Perhaps the
means currently available for evaluating the probabilities is
perform reliability based analyses of the alternative stabilizat
measures. As mentioned previously, these types of analyse
becoming more commonly used in the geotechnical enginee
profession and can serve as a sound basis for decision maki

The probabilities for each alternative course of action in Fig
are essentially independent of other assets. These probab
can also be determined without a vast amount of data aside
physical characteristics~e.g., geometry, soil properties, antic
pated loads, etc.!. In contrast, the consequences for each decis
path are intimately tied to other assets and the agency goal
fact, it is the consequences for each path that link the geotech
assets with the performance of other assets.

Agency goals should form the basis for measuring the con
quences. In the simplest form, consequences used in the dec
tree could be purely economic. In this case, the decision tree m
include at least three different types of costs. The first type of c
is associated with bringing the site from its current state to
acceptable condition. These costs may be for repairing guard
patching pavement, repairing or clearing drainage structures,
Some of these costs will have to be incurred regardless of w
course of action is selected, although costs for a specific act
may differ for different courses of action. The second type of c
is associated with stabilization of the slope. These will be
direct and indirect costs associated with design and construc
of the stabilization measure. The final type of cost is associa
with a potential future failure and subsequent repair of that f
ure. Such costs should obviously be weighted according to
probabilities of future failures occurring. Once the costs ass
ated with each of these sources are determined, the overall
sequence of each alternative is determined by summing up
individual costs with appropriate consideration given to the ti
value of money. At this point, the decision tree can be solved
determine the best course of action.

Unfortunately, this simplistic consideration of consequen
neglects many of the real consequences that should impac
decision. Examples of issues that are neglected in this sim
approach include user safety and the level of hazard for the sl
user costs associated with performing the repair, and pote
impacts to other agency assets~e.g., pavements, bridges, culvert
etc.!. Although methods for incorporation of such consequen
within the decision framework are not well developed, existi
‘‘hazard rating’’ systems that include consideration of these iss
for soil and rock slopes provide a starting point.

The example described here is simple, and many additio
consequences and courses of action could be included in the
cision tree. One potential addition would be to consider moni
ing and/or instrumenting the site to gather additional informat
about whether the slope should be stabilized and how it m
best be stabilized. Such monitoring has the benefit of reduc
uncertainties about the particular slope being monitored~thereby
potentially changing the decision! and, in addition, would provide
data to improve deterioration models utilized in the analysis to
described previously~which has some inherent value!. Another
possibility is to expand the decision tree to include additio
stabilization alternatives. There is also an issue of time/decis
context, in that selection of a short-term stabilization meas
would likely lead to reanalysis of the problem at a later date
which case a recursive type of decision would have to be con
JOURNAL
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ered. A similar approach can be utilized for other geotechn
assets such as retaining structures.

Steps toward Implementation

The decision tree described provides a specific example of
decision analysis might be incorporated in geotechnical a
management. However, effective implementation begins a
higher level. The following list provides some suggestions
incorporating geotechnical assets into an agency’s asset man
ment program:
• Assess agency goals and objectives to determine how geo

nical asset management can support high-level agency g
These goals and objectives typically relate to meeting u
expectations for service provision. For example, the Misso
Department of Transportation’s long-range transportation
rection~MoDOT 2001! articulates eight primary goals relatin
to safety, maintenance, congestion relief, and economic
social concerns. The most obvious link between geotechn
asset management and these goals falls under maintenanc
are working to make this connection explicit and to ensure t
other supporting functions are not overlooked.

• Assess current systems used and identify overlaps betw
existing systems and geotechnical assets. Agencies shoul
sess the capabilities and extent of use of any existing in
structure management systems, such as PMS and BMS
well as any landslide, rockfall, or other geotechnical haz
management systems within the agency. The agency sh
focus on whether and what types of geotechnical features
included in existing systems~for example, does the paveme
management system include subgrade information?!.

• Build on and integrate with existing systems. An agency ne
to determine whether systems can be extended and what
are required. As discussed, in many cases partial invento
exist. Agencies should take advantage of prior investments
work to extend the databases and analysis tools used.

• Make sure that the information is passed back and forth
tween systems. As an example, if the geotechnical deci
maker decides to select a marginal or temporary stabiliza
measure, it is important that the pavement decision maker
decide to construct a new, high tech~expensive! pavement
system~or at least to be aware of and consider the poten
ramifications of the slope decision!.

Summary and Directions

Interest in asset management continues to increase. Altho
component infrastructure management systems, such as thos
pavements and bridges, exist, the integration of geotechnica
sets is essential if the systems are to minimize life-cycle costs
maximize life-cycle performance.

Although the rationale for geotechnical asset managemen
clear, the steps for implementation are less obvious. This p
identifies issues raised in considering implementation and s
gests how many of them can be addressed. The geotechnical
management components presented in Fig. 2 and Table 2 diff
their stages of development. While not all of the necessary
are available, some of the data exist, and steps for completing
database are relatively straightforward. Similarly, it should
possible to adapt the program selection tools that have been
veloped for other types of infrastructure to geotechnical asse

Greater challenges exist with agency goals and analysis to
From a policy perspective, geotechnical asset management
OF INFRASTRUCTURE SYSTEMS © ASCE / SEPTEMBER 2003 / 115
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be tied explicitly to agency goals. However, since agency g
typically are focused on transportation-specific issues, the
nections are more difficult to articulate. From an engineering
spective, developing analysis tools for geotechnical assets,
ticularly for performance modeling, will require substantial effo
However, given the well-documented, positive impacts achie
to date for existing asset management systems, and the high
currently incurred by agencies for maintenance and repair of
technical problems, the effort required to incorporate geotechn
assets into these systems seems justified.
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